Introduction
The challenge of biological control is to find natural enemies that will be effective in limiting the density of the pest species in its new environment, and do so without initiating ecological ripple effects with long-term consequences for the recipient community (Howarth, 1983 , Louda et al., 2003a , 2003b Simberloff and Stiling, 1996) . However, prediction of the outcome and interactions of introduced natural enemies in new environments remains difficult (Louda et al., 2003a; McEvoy and Coombs, 2000) . Quantitative retrospective ecological analyses of ongoing projects provide a systematic method to evaluate and to improve our predictive ability (see, e.g., Follett and Duan, 2000; Wajnberg et al., 2001) . Such studies allow quantification of both direct and indirect effects associated with insects used for biocontrol following their host specificity testing and introduction. Furthermore, retrospective analyses provide an efficient way to validate emerging ideas for improved risk assessment, including consideration of relevant ecological parameters (e.g., van Lenteren et al., 2003) and to further develop prospective tests for future introductions of biological control agents. The latter use is demonstrated, for example, in our analysis of the ecological risk posed by Rhinocyllus conicus Frölich (Coleoptera: Curculionidae) to the federally listed rare North American Pitcher's thistle, Cirsium pitcheri (Torr. ex Eaton) Torr. & A. Gray, prior to dispersal of R. conicus into this rare thistle's habitat .
We have three aims in this paper. First, we define the components of ecological risk and examine a critical assumption implicit in the predominant reliance on host specificity testing as a quantitative estimate of ecological risk in biocontrol. Second, we summarize the current status of our retrospective studies of the ecological interactions and nontarget impacts of two Eurasian weevils (R. conicus, Larinus planus (Fabricius)) used against exotic thistles in North America. Using these retrospective studies of unexpected or unexpectedly intense nontarget ecological effects, we review the application of the retrospective analyses in our prospective study and we discuss the implications of such analyses for future assessments of ecological risk to native plants and their interdependent, interacting species.
Ecological risk
The quantification of ecological risk has at least two dimensions. These include the: (1) determination of the likelihood or probability of any nontarget ecological interactions and (2) assessment of the magnitude of likely ecological impacts for the potential interactions uncovered. The former requires determination of the likely host range of the proposed agent. The latter requires quantification of the parameters mediating interaction intensities in the new environment. Thus, key parameters of overall ecological risk in such assessments include: (1) physiological host range, (2) ecological host range, (3) agent population growth and impact, and (4) effects in likely indirect interactions.
How, and to what extent, are these key parameters of ecological risk currently evaluated? Physiological host range, the list of host species that can be used as hosts, is generally measured by host specificity. Host specificity is defined as relative preference in feeding and oviposition among host species and relative suitability of those species for insect development (McEvoy, 1996; Schaffner, 2001; Zwölfer and Harris, 1971) . Such tests are typically conducted under controlled conditions in laboratories or, less often and less extensively, in field cages. The tests are usually supplemented with field observations on host use in the native range. Physiological host range is currently the focus of most biocontrol risk assessments, and it is standard protocol in weed biological control projects (Louda et al., 2003b; McEvoy, 1996; Pemberton, 2000; Schaffner, 2001) .
Ecological host range is a prediction of host use under the range of physical and biotic conditions in the new environment. Ecological host range should quantify the range and relative magnitude of host species use in the context of the full suite of physical conditions and ecological interactions that occur in the field. Currently, while recognized as important, quantification of ecological host range (if done) is usually based on extrapolation from observed field occurrences and the list of hosts within the home range (e.g., Balciunas et al., 1994; Blossey et al., 1994; Hajek et al., 1996; Pike et al., 1999) , rather than on quantitative estimation of the magnitude and impact of alternative host species use in the new environment.
Population growth potential of the agent and likely impact on both targeted primary host species and nontargeted secondary host species are now acknowledged as important aspects of a prospective biocontrol agent evaluation (e.g., van Lenteren et al., 2003; USDA APHIS PPQ, 2001 ); yet, few prerelease studies have actually quantified these ecological traits for prospective biocontrol agents prior to release into new environments (Simberloff and Stiling, 1996) . Evaluation of population growth potential and likely impacts in new environments requires investigation and understanding of the factors influencing population dynamics, growth, spread, and direct impact on host species at various resource levels and with varied resource mixes (Arnett and Louda, 2002; Byers, 2000; Byers and Noonburg, 2003; Denno and Peterson, 1996) .
Finally, likelihood and potential magnitude of indirect ecological effects require study of the main interacting and dependent species within the likely recipient communities, and within the habitat range of the insect natural enemy in the new environment (e.g., Louda et al., 2003a; Pearson et al., 2000) . Such analyses are not yet a standard part of biological control risk assessment prior to agent introduction or distribution. However, we have found that population-level responses in the new environment and their interactions with other species are not always accurately predicted by the relative preference and performance data taken for individual insects under laboratory, garden test conditions or native range patterns of use (Gassmann and Louda, 2001; Louda et al., 1997 Louda et al., , 1998 Louda et al., , 2003a Louda et al., , 2003b ).
Host range as an estimator of ecological risk
Host specificity tests are designed to identify the host range of the insect (or the pathogen) natural enemy. These tests aim to determine acceptance and then relative rank or preference among the accepted species as well as relative suitability for insect or pathogen development (McEvoy, 1996; Schaffner, 2001) . In contemporary studies, native relatives of the targeted species are usually included in the test list (Schaffner, 2001) . In weed biological control testing in North America, host specificity has been quite successful in defining host range and the list of plant species likely to be observed as hosts in the field (Pemberton, 2000) ; and, its use in insect biological control projects now is advocated as well (Louda et al., 2003b; Pike et al., 1999) .
However, since most insect species are not strictly monophagous (Brues, 1946; Essig, 1958; Singer and Lee, 2000) , the host range of even the more specific insects considered for biocontrol introductions often includes some native species. These are accepted, though usually to a lesser extent, in the host specificity tests. For example, in pre-release testing Hylobius transversovitatus Goeze, the root-boring weevil recently released against purple loosestrife (Lythrum salicaria L), also fed and showed larval development on two native plant species, winged lythrum (L. alatum Pursh.) and swamp lythrum (Decodon verticillatus L.) (Blossey et al., 1994) . Such "secondary" host species, based on preference and relative performance, are usually relatives of the targeted, presumably preferred exotic host plant (Louda et al., 2003b; Pemberton, 2000) , and this was the case for L. alatum and D. verticillatus (Blossey et al., 1994) . When feeding or oviposition on alternate or secondary hosts is lower than on the targeted host in tests, the inference has been made that impact in the new environment also will be low (e.g., Blossey et al., 1994; McClay, 1990; Olckers et al., 2002; Zwölfer and Harris, 1984) . However, extrapolation of preference and performance of individuals, from laboratory data or field distributions in the indigenous environment, to predictions of ecological risk from population growth and use in the new environment field requires the assumption that population dynamics will scale with individual preference and relative performance. The implicit assumption is that population growth and impact on host species in the field are likely to be inversely proportional to their rank in a host specificity hierarchy. An alternative hypothesis, suggested by our data from retrospective studies, is that ecological factors can significantly alter population growth, host choice and use and, so, the agent's impact among acceptable host species from that expected based on the host specificity tests.
Host specificity and nontarget population impacts
Is the impact on nontarget species in the field inversely proportional to host specificity ranking? While knowledge of host range and specificity is clearly a crucial component of ecological risk assessment (Pemberton, 2000) , several recent studies including our own on both R. conicus and L. planus impacts on native thistles demonstrate that the magnitude of the ecological risk to less preferred native species cannot always be predicted from host specificity or field distributions in the home range (Arnett and Louda, 2002 , Louda, 1998 , 2000 Louda and Arnett, 2000; Louda and O'Brien, 2002; Louda, 2004, 2005; Rand et al., 2004; Russell and Louda, 2004) , nor can it predict indirect community effects (Pearson et al., 2000) .
As an example, consider the impacts of the flower-head weevil, R. conicus on Platte thistle (Cirsium canescens Nutt.). This weevil was introduced into North America in 1968 as a biological control agent against the Eurasian Carduus spp. thistles, especially musk thistle (Carduus nutans L. complex) (reviewed by Gassmann and Louda [2001] and Zwölfer and Harris [1984] ). The results of host-specificity tests conducted before introduction showed the weevil had: (1) a strong preference for Carduus spp. over most Cirsium spp., (2) faster development to larger adult size on Carduus spp. compared to Cirsium spp. evaluated under test conditions, and (3) relative restricted host range within each of the regions in which it was found in Europe (Gassmann and Louda, 2001; Zwölfer and Harris, 1984) .
Although the laboratory tests showed some acceptance of Cirsium spp., including the one native North American species evaluated, both the host specificity tests and the field data prior to release, plus the observation that North American native species typically had lower population densities than did the targeted Carduus spp., led to the inference that R. conicus use of native Cirsium spp. would not be significant quantitatively; so, the magnitude of impact, if any, was expected to be small (Zwölfer and Harris, 1984) . However, after R. conicus invaded our long-term study sites in midgrass Sand Hills prairie in 1993, seed production by both Platte thistle and wavyleaf thistle decreased significantly , and the numbers of Platte thistle plants in long-term demography plots has subsequently declined significantly ( Figure 1A ) as the numbers of R. conicus increased ( Figure 1B ), consistent with model predictions of R. conicus' demographic impact (Rose et al., 2005) . Weevil impact on the native Platte thistle in a new habitat without its targeted Eurasian thistle occurred despite the continued strong preference of naturalized weevils for musk thistle (C. nutans) over Platte thistle (C. canescens) (Figures 2A and B) .
Why did the information from host specificity testing and host range in the indigenous region fall short on predicting the magnitude of the nontarget impact of R. conicus on seed production, recruitment, and density of Platte thistle, a less preferred host plant? We have collected extensive observational and experimental data to examine this question retrospectively. These studies have highlighted two critically important factors of ecological host range and environmental conditions that influenced insect impact on this secondary native host plant species. First, the preferred host species musk thistle, C. nutans, does not occur at our sand prairie sites (Keeler et al., 1980; Lamp, 1980) . Thus, preference and relative performance criteria were irrelevant to host selection, use, and impact on the less preferred native species in the Sand Hills prairie habitat into which the weevil dispersed. Second, phenological synchrony and the total resource pool available in the environment are needed in order to explain the level of use of a co-occurring native thistle species within this habitat.
The two native species of thistles that occur most commonly in the Sand Hills region are Platte thistle (C. canescens) and wavyleaf thistle (Cirsium undulatum (Nutt.) Spreng.). The factors determining the level of R. conicus use of the two native species differ. Weevil egg load on wavyleaf thistle initially has been lower than egg load on Platte thistle (Louda, 1998 . We found much lower phenological overlap between the R. conicus oviposition period and flowering by wavyleaf thistle than flowering by Platte thistle ( Figure 3A ; Russell and Louda, 2004, in press ). In fact, the most significant factor in explaining quantitative variation in R. conicus egg load on Platte thistle is the degree of synchrony between Platte thistle flowering and R. conicus adult activity among sites and among years (Figure 3B) , instead of other physical or biological factors that were expected to be important .
For the later-flowering wavyleaf thistle, however, R. conicus egg load was best explained not by direct factors but rather by the availability of Platte thistle flower heads. Using previously published methods in a parallel study , we found that R. conicus egg load on wavyleaf thistle increased as the availability of Platte thistle flower heads decreased, both among sites and among years (Russell and Louda, in press ). Thus, the impact of R. conicus on wavyleaf thistle cannot be predicted without knowledge of the availability of Platte thistle flower head resources. There is an indirect interaction between the two native plant species in the new environment that determines the level of infestation on the second species to flower in the new environment. Overall, it is clear that ecological factors of the new environment, and not relative preference, relative performance or relative choice among host species in the indigenous environment, determine the levels of nontarget impacts by R. conicus on native thistles that are secondary host species in the plains of North America.
Host specificity and unexpectedly large nontarget effects of L. planus
The R. conicus case represents one of the most intensive quantitative retrospective analyses of nontarget effects by an insect used for biological control of weeds to date (reviewed by Gassmann and Louda, 2001; Louda et al., 2003a) . Although the case is not unique (see Follett and Duan, 2000; Howarth, 1991; Simberloff and Stiling, 1996; Stiling, 2004; Wajnberg et al., 2001) , it has been challenged as unusual (Boldt, 1997) . Since few ecological studies have been done in biological control programs, other cases in which native species are acceptable secondary hosts for introduced biological control agents need more intensive ecological analyses to address this issue (see, e.g., Diehl and McEvoy, 1990) .
We recently discovered, for example, unexpectedly large nontarget effects for another Eurasian weevil (L. planus) that is currently being distributed in North America against Canada thistle, Cirsium arvense (L.) Scop. (Louda and O'Brien, 2002) . Although L. planus is considered an accidental introduction (White, 1972) , it was evaluated early on in Europe (Zwölfer, 1964; ) and again more recently in Canada prior to redistribution there (McClay, 1990) . Both sets of studies suggested that use of native North American species by L. planus could occur. However, the higher preference and performance of L. planus on the exotic coevolved, targeted plant (C. arvense) in the host specificity tests were interpreted, as usual, as evidence that no major impact on the native species was likely (McClay, 1990) .
Unfortunately, the inference was wrong. L. planus now is significantly reducing seed production by Tracy's thistle, C. undulatum (Nutt.) Spreng. var. tracyi (Rydb.) Welsh, a sparse native species in western Colorado and eastern Utah (Louda and O'Brien, 2002) , more than that of co-occurring plants of its targeted weed, C. arvense. Furthermore, L. planus is reported to have colonized multiple native thistle species in the western USA (G. Dodge et al., University of Maryland, College Park, Maryland, unpublished data; E. Coombs, Oregon Department of Agriculture, Portland, Oregon, personal communication 2004) . In 1999, while looking for R. conicus, we found L. planus feeding in flower heads of Tracy's thistle near a 1992-1993 biocontrol release site. In the sample of flower heads collected, 74% had evidence of L. planus, and these heads produced only 1.1 viable seeds on average, compared to 45.9 in heads without this weevil (Louda and O'Brien, 2002) . In 2000, we found that L. planus feeding persisted on Tracy's thistle at several sites, and weevil feeding reduced its seed production significantly (Figure 4) . Furthermore, the impact on Tracy's thistle was greater than its effect on Canada thistle (Louda and O'Brien, 2002) . For example, less than 1% of the Canada thistle flower heads sampled had evidence of feeding by L. planus, likely due to the later flowering of Canada thistle in the study region (Louda and O'Brien, 2002) . Yet, such evidence of L. planus feeding occurred on 80% of the Tracy's thistle plants and in 76% of all the main heads on those plants. Tracy's thistle flower heads with L. planus averaged 1.4 viable seeds, compared with 44.5 in uninfested heads. Feeding by L. planus decreased the average number of viable seeds produced per Tracy's thistle plant by over 51%.
Thus, host specificity tests accurately defined the physiological host range, but not the ecological host range and level of nontarget impacts observed in the field. Environmental conditions again influenced the magnitude of the nontarget impacts observed and altered the relative levels of use of target and nontarget host species in the field from that expected based on the feeding tests and field observations prior to 1990. This case reinforces the conclusion that more effective a priori quantification of the potential numerical effects of a candidate biological control agent on nontargeted secondary host species, under realistic simulations of likely field conditions in the new environment prior to release or distribution of biocontrol agents, is needed to accurately evaluate the magnitude of ecological risk posed. To evaluate ecological factors influencing the magnitude of impact by R. conicus on seed production and performance of native thistle host species, we quantified variation in egg load on Platte thistle (C. canescens) and on wavyleaf thistle (C. undulatum) in prairies occurring on both sand and loam soils of the state across three spatial scales -biogeographic, landscape, and local. We used these data to evaluate one of the current hypotheses for the magnitude of nontarget effects in the new associations: that nontarget effects generally represent localized and temporary "spillover" from the buildup of a biocontrol agent's population on the targeted host plant species. Some previous empirical work supports this "spillover hypothesis," with evidence of nontarget feeding on native species in the proximity of the preferred targeted weed by high density populations of a biocontrol agent (Blossey et al., 2001) . For Platte thistle, the hypothesis suggests that R. conicus attack and impacts should be locally restricted, and correlated with proximity to concentrations of the targeted weed species with high populations of the weevil. Recent theoretical studies have suggested that such "spillover" effects also could be important at larger spatial scales (Holt and Hochberg, 2001 ).
To examine this hypothesis, we quantified R. conicus use of Platte thistle (C. canescens) across the 54,000 km 2 Sand Hills prairie region of Nebraska (1996 Nebraska ( -1998 , the center of its distribution and abundance and a region in which the targeted weed is generally uncommon (Great Plains Flora Association, 1986 . Flower heads were collected at 101 sites >20 km apart across the Sand Hills region in 1996, 1997, and 1998; these samples were dissected and numbers of R. conicus, R. conicus egg cases, and other insects recorded . We found that R. conicus attacked Platte thistle throughout its entire range (Figure 5A) . Thus, contrary to expectation based on the spillover hypothesis, population build-up was not restricted to plants in close proximity to the targeted weed, but occurred on individuals of this secondary, less preferred nontarget host species (Arnett and Louda, 2002) across its habitat range even in the absence of its targeted host species. Furthermore, R. conicus abundances on and damage to Platte thistle were highest in all three years in the central part of the Sand Hills ( Figure 5B ), furthest away from the eastern and southcentral midgrass loam soils areas with large musk thistle population . This study provides strong evidence against the hypothesis that nontarget effects can be explained as a temporary, local scale spillover effect in this system. Ecological conditions are affecting the amount of use of this native secondary host, independent of the preference, relative performance, and natural history of the weevil in its home range.
To analyze the potential contribution of various factors to the pattern of interaction on the biogeographic scale, we used structural equation modeling, a path analysis method that uses maximum likelihood estimation techniques to estimate path coefficients (Johnson et al., 1991) . We found that environmental context was important in prediction of insect impact on the nontarget host ( Figure 6 ). The number of R. conicus on Platte thistle was best predicted by two significant direct effects, geographic location within the Sand Hills ( Figure 5B ) and water-holding capacity in the root zone, and one weak indirect effect, the effect of growing degree-days and plant size (height) on the number of Platte thistle flower heads per plant (Figure 6 ). Variation in temperature and precipitation across the region did not contribute significantly to the pattern of R. conicus on Platte thistle ( Figure 6 ; Rand and Louda, 2005) . Thus, the retrospective analysis of nontarget interactions of R. conicus with C. canescens on the larger biogeographic scale strongly suggests the importance of resource availability and the physical location within the habitat in explaining the level of use and impact on this secondary nontarget host plant species under field conditions in the new environment.
For wavyleaf thistle (C. undulatum), a widespread species that occurs more commonly in midgrass prairie on better loam soils along with musk thistle, we also asked whether population buildup of R. conicus on the invasive exotic musk thistle influenced the magnitude of attack on co-occurring plants of this native thistles. Again, the hypothesis was that spillover from population build-up on musk thistle would explain the use of wavyleaf thistle by R. conicus. At the local scale, we quantified weevil egg densities on the native C. undulatum growing at different distances (0-100 m) from patches of the exotic thistle. We found that egg densities on the native thistle declined significantly with distance: within, vs. 30-50 m, vs. 80-100 m from a musk thistle patch ( Figure  7 ; Rand et al., 2004) . High egg loads on wavyleaf thistle in the vicinity of the targeted host are consistent with a strong local spillover effect; this finding also suggests that ecological context (proximity to the targeted host) affects the level of nontarget impacts on this secondary species.
At a larger scale, we measured R. conicus egg densities on C. undulatum within grassland landscapes (2.4 × 2.4 km) with varying levels of infestation (densities) of the invasive musk thistle (2001) (2002) . We quantified a pattern of R. conicus use of wavyleaf thistle (C. undulatum) in relation to the occurrence of the invasive musk thistle (C. nutans) that is consistent with the "spillover" hypothesis , similar to that observed at the local scale . Egg densities of R. conicus on wavyleaf thistle increased significantly as invasive thistle densities increased (Figure 8 ), measured at both the local site and landscape scales in midgrass prairie on good loam soils ). Since R. conicus feeding can substantially reduce seed production of wavyleaf thistle , we conclude that unsuppressed populations of the exotic musk thistle continue to have a significant negative indirect effect on this native North American thistle when it co-occurs with the targeted exotic thistle, both at the local site scale and at the landscape scale. Figure 5B ) and root zone water holding capacity. In addition, R. conicus numbers were influenced indirectly by a weak, but significant interaction of growing degree days and stem height effects affecting number of flower heads available to the weevil (Adapted from Rand and Louda, 2005) . The results of these local and landscape scale analyses of R. conicus use of the native wavyleaf thistle in midgrass prairies on loamy soils, where the targeted musk thistle often co-occurs, provide strong empirical evidence that nontarget impacts on a native, less preferred host plant species can actually be augmented by the release and build-up of a marginally effective biocontrol agent, one that allows the persistence of large stands of the targeted exotic plant. These findings are the first to substantiate theoretical predictions of this type of indirect interaction between plants mediated by a biological control agent (Holt and Hochberg, 2001 ). The interaction is a form of "apparent competition," an indirect negative interaction between two plant species that is mediated by a shared insect herbivore, the biocontrol weevil R. conicus in this case. Further, it is clear that ecological context again had a significant influence and that it altered the level of risk observed to populations of a native plant that is only a "secondary" host for the biological control insect based on host specificity criteria.
Intraguild indirect interactions with native floral herbivores
Finally, one intriguing but not well explored set of nontarget interactions with the introduction of a new species into a community involves the potential niche overlap of the introduced herbivore with the native insect herbivores dependent upon the native secondary host plants. The potential for both direct and indirect negative effects exists. Our retrospective studies suggest that these potential interactions can and should be assessed in risk assessments prior to the introduction of the new biological control agent. Quantification of interactions both in the home range and in the new environment, as well as laboratory and field cage experiments in both retrospective and prospective studies, can be used to ask: which herbivore species are present on the potentially acceptable nontarget native host plants? How and when do they or will they interact with each other and potentially with the proposed biological control agent? And how might key interactions be modified and populations affected by the addition of a potential competitor for the targeted resources of the agent's guild and interacting guilds mediated by the host plant?
In the case of R. conicus on Platte thistle, we have studied the interactions and effects of R. conicus on a native picture-winged fly, Paracantha culta (Diptera: Tephritidae), a characteristic thistle specialist (Lamp, 1980; McCarty, 1982a, 1982b) . The success of this native fly is relatively easy to document since it pupates within the flower heads and leaves the pupal case behind as evidence of successful development. This fly uses small to medium-sized thistle flower heads, both very early (first generation) and later (second generation) in the growing season (Lamp, 1980; McCarty, 1982a, 1982b) . In the Sand Hills prairies, where we have quantified thistle flowering since 1990 , P. culta is dependent upon Platte thistle, especially in the early season when it is the only thistle observed initiating flowering early enough to be a host for the first generation (S. M. Louda, unpublished data).
In our experiments, the number of P. culta flies developing successfully decreased as the number of R. conicus developing increased (Figure 9 ). The mechanisms implicated in our experiments include: (1) alteration of oviposition behavior by the fly in the presence of evidence of R. conicus (Louda and Arnett, 2000) , (2) preemptive exploitation in the smaller flower heads, i.e., whoever got there first precluded development by the other species; as well as (3) resource competition in larger flower heads, i.e., fewer and/or smaller individuals developed when the other species was present (S. M. Louda and colleagues, unpublished data). The net effect of these interactions has been an inverse relationship between numbers of R. conicus and P. culta among heads, sites, and years, suggesting strong direct and indirect intraguild interactions on the secondary host species. showing that significant "spillover" of R. conicus onto the secondary native host species also occurs at this larger scale when the unsuppressed exotic targeted weed provides a resource for the population build-up of the shared herbivore natural enemy (adapted from Rand and Louda, 2004). In summary, retrospective studies of these interactions provide an abundance of evidence that environmental influences affect the outcome of various interactions that occur after release in a new region. Further, these effects are not well predicted by a continuing reliance on the typical protocols for risk assessment in weed biological control, specifically reliance on host specificity tests and native range host use that determine host range without specific measurement of factors influencing the magnitude of use of alternative host plant species, including the potential secondary hosts.
1.7. Application: prospective analysis of risk for a listed rare thistle One immediate application of the results from this series of retrospective analyses of the factors and processes leading to significant nontarget effects of R. conicus was a prospective analysis of the ecological risk posed by R. conicus to a rare federally listed North American thistle, C. pitcheri Torrey & Gray . This thistle, which is listed as threatened in the US (US Fish and Wildlife Service, 2002) and endangered in Canada (Environment Canada, 2004) , occurs in the intermittent dune ecosystem along the shores of the Great Lakes of North America. Pitcher's thistle is currently protected in several National Lakeshore Parks (US Fish and Wildlife Service, 2002) .
When we discovered the magnitude of the impact of R. conicus on Platte thistle (C. canescens), Pitcher's thistle's closest relative, we speculated that R. conicus also represented a threat to this rare species even though it is not yet present in this thistle's protected habitat (Louda et al., 1997) . This inference was challenged, based on a lack of data (Boldt, 1997) . To evaluate the risk quantitatively, we combined host specificity tests and garden rearing data with the evaluation of ecological field data on relative phenology, suggested as important by the retrospective studies summarized above, to prospectively evaluate the likelihood and magnitude of the potential interaction of R. conicus with C. pitcheri . While phenology is recognized as important in insect-plant interactions (e.g., Russell and Louda, 2004; Tikkanen and Julkunen-Tiitto, 2003) , we found no prior studies that quantified the degree of likely phenological synchrony between a biocontrol agent and a potential secondary host plant species prior to contact.
Using both no-choice and choice laboratory-feeding and oviposition tests, we found that the rare Pitcher's thistle is well within the physiological host range of R. conicus. In fact, it is highly acceptable to R. conicus for adult feeding and oviposition and for larval development. In our tests, we found no strong preference for the coevolved musk thistle ( Figure 10A) , and equal or greater acceptance of Pitcher's thistle as Platte thistle , the closely related species that we know is being impacted by R. conicus Louda and Arnett, 2000) . In addition, the spontaneous colonization of potted C. pitcheri plants by R. conicus in a research garden in Alberta, Canada, demonstrated the weevil's natural ability to find and utilize the rare native thistle species; we found that larval development from egg to adult was highly successful on this rare species .
Furthermore, phenological data on plant flowering at 4 and 5 sites, respectively, within each of two National Lakeshore Parks (Sleeping Bear Dunes National Lakeshore, Empire, MI and Indiana Dunes National Lakeshore, Porter, IN) over three years (1993) (1994) (1995) were compared to information on the weevil activity period both north and south of the distributional range of Pitcher's thistle. We found that the likely overlap varied from 80% to 99% of the total number of the flower heads per plant in the northern and southern parks, respectively . An example of the analysis ( Figure 10B ) illustrates the high overlap of plant flowering phenology with the likely activity period of the weevil in the habitat at four sites within Indiana Dunes National Lakeshore, using conservative estimates of the weevil's timing and activity .
In addition, a simple population projection matrix model, based on three years of demographic data at two sites, suggests that inclusion of R. conicus into the floral guild of Pitcher's thistle will lead to a decrease in λ, the annual rate of population growth, from a nearly stable level (λ = 0.990) by either 12% (λ = 0.869) or 15% (λ = 0.840) per year, depending upon the specific assumptions used (see Louda et al., 2005) . The cumulative consequence of such decreases in λ can be seen by examining the change in the time required to halve the population (t 0.5 ). Under current conditions without R. conicus (λ = 0.990), the time to halve the population (t 0.5 ) is 66.9 yr. However, with R. conicus added to the floral insect herbivore guild, the estimated time to halve the population (t 0.5 ) drops to between 4.0 and 4.9 yr (λ = 0.869-0.840).
Clearly, the prospective analysis of the potential effects of R. conicus on Pitcher's thistle, based upon retrospective studies combining laboratory and garden tests elsewhere with quantitative field data on parameters hypothesized to be important, suggests that the weevil has the potential of imposing a significant negative effect on the populations of an already threatened native plant. The case also illustrates the way in which quantitative or experimentally derived ecological data can be added to the host specificity data to improve the estimation of ecological risk in biocontrol.
Summary and conclusion
Host specificity tests are the best tool presently available to determine likely host range. Thus, the probability of feeding, oviposition, and development on a set of nontarget native species, at least under test conditions, can and should be estimated. However, the other major component of ecological risk, the magnitude of direct population effects on nontarget native species and the likely indirect ecological effects associated with use of the secondary native host species, cannot be evaluated directly from host specificity. The little recognized, implicit assumption, when physiological host range information is extrapolated as an estimate of ecological host range, is that population impact will be proportional to relative preference and performance and, so, relatively independent of environment and ecological context. Our retrospective studies, reviewed above, do not support this fundamental assumption underlying the use of host specificity as a measure to total ecological risk. Likely interaction strengths are required, as well as host range.
Better ways to evaluate the second component of ecological risk, the magnitude of likely interaction strengths, are needed if any native species are accepted even marginally as secondary hosts in the host specificity tests. We conclude that our intensive retrospective ecological studies of R. conicus on native thistles reinforce the suggestions that the magnitude component of risk, and the role of ecological factors in it, now need more careful quantification to produce accurate assessments of total ecological risk to native species. Influential factors of ecological range in our studies included: phenology and phenological synchrony, population growth and density in response to environmental variation, population growth at various resource levels and mixes, as well as population dispersal (rates, success, limits), and the direct and indirect effects of physical factors and biotic interactions on plant and insect performances, and modification of interactions across multiple spatial scales of the interactions.
Determinants of the level of resource use, and its consequences for alternative host plant populations, that are required to estimate demographic consequences of consumption, are not yet routinely quantified. For example, if dispersal potential is quantified, then it is usually done after the fact once release has been made (e.g., Center et al., 1997 ). Yet, many or most of the factors above could be evaluated quantitatively a priori, using clever experiments and modeling. One example of the value and application of retrospective analyses is use of the inferences in prospective analyses, such as our analysis of the threat posed by R. conicus to the very rare Pitcher's thistle should it disperse or be distributed into this rare plant's protected habitat around the Great Lakes of North America.
Our studies document the occurrence of direct effects on native host species in the same guild as the targeted species, as well as indirect effects within that guild that were mediated by their shared natural enemy-the biocontrol agent. Furthermore, we have found evidence of added direct and indirect effects on a native herbivore species dependent upon the nontarget secondary host plant. Clearly, these studies suggest that both the direct and indirect effects of the proposed biocontrol agents on accepted second- Figure 10 . Prospective analysis of the acceptability, preference, suitability and phenological availability to R. conicus of the threatened Pitcher's thistle in the dunes along the Great Lakes of North America, protected habitat which has not yet been invaded by R. conicus. (A) Choice and no choice laboratory oviposition tests, supplemented with data on development show that Pitcher's thistle is within the physiological host range of R. conicus; (B) field evidence of phenological overlap between the likely oviposition period of R. conicus and the flowering phenology of Pitcher's thistle, showing that 90-98% of the flower heads will be vulnerable to oviposition by R. conicus (adapted from Louda et al., 2005) . ary host species, and their dependent species, need to be considered and evaluated quantitatively if the objective is to quantify total ecological risk associated with biocontrol technology. Our studies suggest some ways to evaluate important dimensions of the potential interactions that could be done stepwise before introduction. Once these risks are quantified, comparable data can be required for alternative management options.
In summary, the conclusion that host specificity estimates ecological risk, which rests on an often unrecognized assumption that population dynamics are proportional to relative preference and performance, needs explicit recognition and direct evaluation. Our results clearly challenge this assumption, and the evidence now argues strongly that environmental context, dispersal dynamics, and the spatial scale of the interactions of introduced insects with native secondary host plant species influence the second important component of ecological risk, the likely magnitude of nontarget impacts on secondary host species and their associates. Thus, the effect of environment context and varying scale on likely interaction outcomes needs to be quantified prior to introduction in order to realistically predict the overall environmental costs to be weighed against the proposed environmental benefits of a deliberate introduction of a new exotic species in an effort to manage invasive exotic weed.
